The exergy analysis of a Brayton cycle is performed in the paper. The four input variables: the ratio of the compressor exit and inlet pressures, the ratio of inlet temperature of gases in turbine and inlet temperature of air in compressor and the isentropic efficiencies of the compressor and turbine are analysed. The temperature ratio is varied in a way that the compressor inlet temperature of air is maintained constant, while the turbine inlet temperature of flue gases is varied from 900 to 1200°C. In the combustion chamber methane is completely combusted with excess air ratio which is determined by the temperature of flue gases at the turbine inlet. The analysis further includes variability of the molar heat capacities of air and flue gases with temperature and variability of their heat capacity ratios. The exergy destruction in turbine, compressor and combustion chamber and also total exergy efficiency of the cycle are considered in the analysis.
Introduction
A gas turbine operates on a Brayton cycle. The gas turbine is known to feature low capital cost to power ratio, high flexibility, high reliability without complexity, short delivery time, early commissioning and commercial operation and fast starting-accelerating [1] . It is further recognized for its better environmental performance, manifested in the curbing of air pollution and reducing greenhouse gases [2] . Many optimizations of Brayton cycle have been carried out. The maximum power output or the maximum thermal efficiency has been mostly used as optimization criteria. Criterion of maximum efficiency is used most frequently in power plants, in which the fuel consumption is important, while the criterion of maximum work output is significant in aircrafts in which the propulsion is of great importance. Both fuel consumption and thrust gain may be equally important, for example, for ship propulsion systems, therefore, in this case, both the maximum power and the maximum thermal efficiency criteria have to be considered in the design [3] . In detailed analysis [4] , for thermodynamic optimization of a Brayton cycle, authors proposed two goal functions. The first maximizes the sum of the network per cycle and thermal efficiency while the second the network per cycle and exergy efficiency. In recent paper [5] , Haseli conducted an analysis of the regenerative open Brayton cycle and optimisation on the basis of maximisation of the work output, maximisation of the thermal efficiency and minimisation of the entropy generation.
Most optimizations were performed using the airstandard model with constant physical properties of working substance. In this work, the maximum thermal efficiency, maximum work output and total exergy efficiency of the Brayton cycle were obtained using a model with variable physical properties and variable composition of working substance. This model better describes the process in the gas turbine engine, but it is not general. The model is valid for the particular fuel and for the chosen temperature of working substance.
Mathematical model 2.1 Energy analysis of the Brayton cycle
In a Brayton cycle, air at ambient pressure and temperature is drawn into the compressor, where its temperature and pressure are raised. The high pressure air enters the combustion chamber, where the fuel is burned at constant pressure. The given high-temperature gases then enters the turbine, where they expand to the atmospheric pressure while producing power. 
Work output
The work output per cycle expressed per unit of the amount of fuel is given by the following equation 
Where: w net is the network output; w turb is the work output of the turbine; w comp is the work output of the compressor, 
Where: comp κ is the heat capacity ratio of the air in the compressor; turb κ is the heat capacity ratio of the flue gases in the turbine; 2 
( ) 
In the Eq. (6), the values of pressure p 1 and temperature T 1 at the compressor inlet and the temperature ratio r T = T 3 /T 1 should be given.
The amount of flue gasses n fg and the amount of air n air are obtained from the stoichiometric equation of the complete combustion of methane CH 4 .
The temperature of flue gases at the inlet of turbine is determined by the air excess ratio during complete combustion in the combustion chamber. In this work, the temperature of flue gases 3 ϑ is varied from 900 to 1200 °C and the excess air ratio is obtained from the Eq. (9). 
Where: l is the air excess ratio; O min = 2 kmol/kmol, the minimal amount of oxygen in kilomol per kilomol of flue gases; air_min 9,524 n = kmol/kmol, the minimal amount of air;
H O 2 n = kmol/kmol, the amount of water vapor; H ml (0 o C) = 800 800 kJ/kmol , the lower heating value of methane.
After excess air ratio is calculated, the amounts of the following substances can be solved: min air 2 9,524 0, 21 0, 21
The values of mean molar heat capacities of the air and flue gases in the temperature range from 0° C to 3 ϑ are determined from the analytical expressions given in [6] .
Thermal efficiency
The thermal efficiency is defined by the expression
The algorithm for the computation of work output and thermal efficiency of the Brayton cycle with variable physical properties and variable composition of working substance is defined by the system of equations (1) It is not possible to derive analytical expressions for maximum work output and maximum thermal efficiency, but from the results of the calculation according to the system of Eqs. (1)÷(10) it is possible to determine an existence of maximum values, in given conditions.
Exergy analysis of the Brayton cycle
Many definitions for the exergy efficiency can be found in the literature. We use the definition according to which the exergy efficiency is equal to the ratio of work output and exergy of fuel.
Exergy balance of the whole cycle is represented by the following equation is the exergy efficiency which takes into account exergy destruction in all parts of the cycle: in combustion chamber, compressor and turbine.
Exergy of fuel
The fuel is in thermal (T = T 0 ,) and mechanical (p = p 0 ) equilibrium with the environment, but it is not in the chemical equilibrium with the environment. The fuel at the ambient state has exergy because it is not in the global equilibrium with the environment, chemical reactions are possible. Chemical energy is released in the chemical reaction with oxygen from the ambient air, and it can be converted into work or into other energy form.
Expression for the exergy of methane at environment temperature and pressure is the following, [7] ( ) 
Where: 14) can be found in [7] .
Methane enters the combustion chamber at pressure * 2 2 p p = , so the expression for exergy of fuel is modified in the following way:
where R m is the universal gas constant. Since the pressure p 2 is variable (r p is variable), the exergy of fuel is variable. 
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Exergy destruction in a combustion chamber, compressor and gas turbine
Since a change of composition of working substance takes place in the combustion chamber, exergy destruction in the combustion chamber should be taken into account. It can be done using absolute entropy values of reactants (methane and air) and products of combustion (flue gases).
Exergy destruction in the combustion chamber is given in the following equation, [7] ( ) 
where y i represents mole fractions of oxygen, nitrogen, carbon dioxide and vapour in flue gases
( ) kJ/(kmol⋅K), according to [7] . , S T p is taken from [7] .
Exergy destruction in the combustion chamber divided by the exergy of fuel gives the exergy efficiency defined by the following equation , ln
The exergy destruction in a compressor is caused by the nonisentropic compression process of air. The exergy destruction in compressor divided by the exergy of fuel gives the following exergy efficiency 
The exergy destruction in gas turbine is caused by the nonisentropic expansion process of flue gases. The exergy destruction in gas turbine divided by the exergy of fuel gives the following exergy efficiency , ln
The total exergy destruction divided by the exergy of fuel is the sum of the exergy destructions in combustion chamber, turbine and compressor also divided by the exergy of fuel. ϑ at the compressor exit is not dependent on the temperature of the flue gases, but it is dependent on the pressure ratio in a way that it increases with the increase of the pressure ratio. The pressure ratio is taken in the range from 2 to 25 and the highest value of the temperature * 2 ϑ is 510,1 °C.
The temperature of flue gases at the turbine exit depends on the pressure ratio r p and temperature ratio r T . It decreases with the increase of pressure ratio and increases with the increase of the temperature ratio. The highest value of the temperature ratio is 4,94, in the case in which the temperature of flue gases at the turbine inlet is 1200 °C. Fig. 2b shows that the air excess ratio increases with the increase of pressure ratio, and decreases with the increase of temperature ratio. The highest value of the air excess ratio is obtained for the r T = 3,94 and it is 6,092.
The dimensionless work output as function of the pressure ratio r p and temperature of flue gases 3 ϑ at the turbine inlet is shown in Fig. 3 .
In the present calculation the values of isentropic efficiencies of the compressor and turbine are 0,88 and 0,92, respectively. The work output increases, reaches maximum and decreases with the increase of pressure ratio. It happens for each of the given values of temperature 3 ϑ . The pressure ratio in which the function reaches maximum moves to the higher value with the increase of temperature 3 ϑ . Comparing the results obtained in this model with the results of the air standard model of the Brayton cycle, given in [4] , we can notice that the values of the optimal pressure ratio and maximal values of the work output obtained in the air standard model are higher than in this model and these differences increase with the increase of the temperature ratio. It can be seen that thermal efficiency increases with the increase of pressure ratio, but in the given range of the pressure ratio, the function has a maximum only for 3 ϑ =900 °C. If this thermal efficiency is compared with the thermal efficiency of the air standard model, it can be noticed that the air standard model gives very similar values of the thermal efficiency.
As in the air standard model, also in this model the optimal value of pressure ratio in which thermal efficiency reaches maximum is different from the optimal value of pressure ratio in which work output reaches maximum.
The diagram in Fig. 5 shows dimensionless work output and thermal efficiency as functions of pressure ratio for temperature ϑ 3 = 900 o C. defines r p for which the thermal efficiency would be a bit less than its maximum, but greater than the thermal efficiency at maximum work output, and the work output would be a bit less than its maximum but greater than the work output at maximum thermal efficiency, [8] . The design domain of the Brayton cycle lies in the interval limited by the values of optimal pressure ratio in which work output reaches maximum and in which thermal efficiency reaches maximum. For example, for ϑ 3 = 900 °C, this domain is shown in the diagram in Fig. 5 . It is interval 8,5 ≤ r p ≤ 21,1.
The diagram in Fig. 6 shows curves of exergy efficiencies of the Brayton cycle as functions of pressure ratio for temperature of flue gases ϑ 3 = 900 °C at the turbine inlet.
The exergy efficiency defined as the ratio of the work output and exergy of fuel, which is often called the exergy efficiency of the cycle, [9] , increases with the increase of pressure ratio and has a maximum at higher value of pressure ratio. For the temperature of flue gases 900 °C the maximum exergy efficiency is 0,374 at r p = 21,2. This point is close to the optimal pressure ratio obtained for the maximum thermal efficiency.
The exergy efficiency of flue gases defined as exergy of flue gases divided by the exergy of fuel significantly decreases with the increase of pressure ratio.
The diagram in Fig. 7 shows exergy efficiencies that takes into account exergy destructions in the combustion chamber, turbine and compressor as functions of pressure ratio. The exergy efficiency which takes into account the total exergy destruction of the cycle slightly increases with the increase of pressure ratio and its value is in the range 0,44÷0,45 which means that 44÷45 % of the exergy of fuel is lost in the combustion chamber, turbine and compressor. The exergy destruction in the combustion chamber is considerably higher than the exergy destructions in turbine and compressor and it decreases with the increase of pressure ratio, from the value 0,4 to 0,34. The exergy destruction in the combustion chamber is a result of the chemical change, change of the composition and temperature of participants during combustion process. The exergy destructions in the turbine and compressor slightly increase with the increase of pressure ratio and they are results of the internal irreversible processes, compression of the air and expansion of the flue gases. The values of these destructions are determined by the values of the isentropic efficiencies in the compressor and turbine, 0,88 and 0,92, respectively.
Conclusion
The analysis of the Brayton cycle is performed using a model with variable physical properties and variable composition of working substance. This model better describes the process in the gas turbine engine than the air-standard model but it is not general. The model is valid for the fuel methane and for the given temperatures of the flue gases at the turbine inlet. The model is solved iteratively because molar heat capacities of the air and flue gases are functions of the temperature. The maximum work output and maximum thermal efficiency are obtained for the given values of the temperature of flue gases at the turbine inlet. The model with variable physical properties and variable composition of working substance gives lower values of work output than the air standard model and practically the same values of the thermal efficiency. In both models, the optimal pressure ratio in which thermal efficiency reaches maximum is higher than the optimal values of pressure ratio in which work output reaches maximum. The exergy analysis showed that the exergy destruction in the combustion chamber is significantly higher than the exergy destructions in the compressor and turbine.
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